Mammalian cells require growth-factor-receptor-initiated signaling to proliferate. Signal transduction not only initiates entry into the cell cycle, but also reprograms cellular metabolism. This instructional metabolic reprogramming is critical if the cell is to fulfill the anabolic and energetic requirements that accompany cell growth and division. Growth factor signaling mediated by the PI3K/Akt pathway plays a major role in regulating the cellular uptake of glucose, as well as the incorporation of this glucose carbon into lipids for membrane synthesis. Tyrosine-kinase-based regulation of key glycolytic enzymes such as pyruvate kinase also plays a critical role directing glucose carbon into anabolic pathways. In addition, the Myc transcription factor and mTOR kinase regulate the uptake and utilization of amino acids for protein and nucleic acid synthesis, as well as for the supply of intermediates to the mitochondrial Krebs cycle. However, the relationship between cellular signaling and metabolism is not unidirectional. Cells, by sensing levels of intracellular metabolites and the status of key metabolic pathways, can exert feedback control on signal transduction networks through multiple types of metabolite-derived protein modifications. These mechanisms allow cells to coordinate growth and division with their metabolic activity.
INTRODUCTION
Unicellular organisms have evolved to grow and divide rapidly when nutrients are abundant, and they take up nutrients in a cell-autonomous manner. The macromolecular precursors and free energy derived from metabolism of these nutrients are used to synthesize the new biomass required for cell growth and division. When the nutrient supply dwindles, anabolic metabolism in these organisms decreases. The cells then shift to catabolic pathways that maximize the efficiency of energy production to survive periods of nutrient limitation ).
In multicellular organisms, cells are generally surrounded bysufficientnutrientsto engagein continuous cellgrowth and proliferation. However, organismal integrity requires that proliferation not be a cell-autonomous process dictated by available nutrients. Mammalian cells require receptor-mediated signal transduction initiated by extracellular growth factors to leave the quiescent state and enter the cell cycle. The onset of cell growth and division introduces a metabolic requirement for sufficient carbon, nitrogen, and free energy to support synthesis of the new proteins, lipids, and nucleic acids needed by a proliferating cell. Recent studies have shown that this additional uptake of nutrients is regulated by signal transduction pathways (Fig. 1) . This growth-factor-directed uptake of nutrients is critical to supporting a rate of macromolecular synthesis sufficient for growth Vander Heiden et al. 2009 ).
Mammalian cells instructed to proliferate via signal transduction are generally successful at avoiding metabolic collapse. Assuming that extracellular nutrients are abundant, these signaling-instructed cells will increase both uptake of nutrients and nutrient flux through anabolic pathways. However, if the regulation of cell growth by signaling pathways goes unchecked, problems can rapidly develop. The availability of a key extracellular nutrient could be limited in a particular context, or an important enzyme in a critical anabolic pathway may, for some reason, be deficient. Thus, to ensure that cell growth is properly coordinated with both the availability of key nutrients and with the cellular capacity to use them effectively, cells need a way to slow their own growth if their metabolic state cannot support biomass production. Such a brake on anabolic metabolism must be able to function even in the presence of growth-factor-initiated signaling. Metabolically sensitive posttranslational modifications, including acetylation and glycosylation, of signaling proteins provide an important mechanism by which cellular metabolism can exert feedback control on the output of signal transduction cascades. The relationship between cell signaling and metabolism is thus bidirectional.
PI3K/AKT SIGNALING CONTROLS GLUCOSE METABOLISM AND THE INCORPORATION OF CARBON INTO MACROMOLECULES
A highly conserved signal transduction pathway initiated by extracellular growth factors is the phosphoinositide 3-kinase (PI3K)/Akt pathway, whose components are conserved throughout metazoan species (Hemmings and Restuccia 2012) . In mammals, the pathway plays a particularly critical role downstream from insulin signaling to facilitate glucose uptake in insulin-dependent tissues such as fat and muscle. In these tissues, the PI3K/Akt pathway promotes the trafficking of the glucose transporter GLUT4 to the cell surface (Kohn et al. 1996; Hardie 2012) . However, this pathway plays multiple other roles in glucose metabolism, and its activity is not limited to those tissues classically described as insulin dependent.
In the normal, non-cancerous, setting, PI3K is activated in cells when cell membrane receptor tyrosine kinases (RTKs), as well as G-protein-coupled receptors (GPCRs) and cytokine receptors, are stimulated by extracellular growth factors. Following activation, PI3K phosphorylates membrane phosphatidylinositol lipids, which, in turn, leads to the recruitment and activation of additional kinases, most notably Akt (Fig. 2) . One of the major effects of Akt on glucose metabolism is at the level of glucose uptake through increased expression of GLUT1 on the cell surface (Rathmell et al. 2003) . GLUT1 is the major glucose transporter in most cell types. The translation of GLUT1 mRNA is also increased by Akt signaling through mTORC1 and 4EBP (Taha et al. 1999 ). In addition, Akt signaling stimulates the activity of several glycolytic enzymes. Hexokinase, which performs the first enzymatic reaction of glycolysisglucose glucose 6-phosphate (G6P)-is more active when associated with mitochondria, and this association is promoted by Akt (Gottlob et al. 2001) . Akt also directly phosphorylates phosphofructokinase 2, and the resulting increase in fructose 2,6-bisphosphate levels enhances the activity of the glycolytic enzyme phosphofructokinase 1 (PFK1) (Deprez et al. 1997) .
Akt signaling may also increase glycolytic flux indirectly by transcriptionally up-regulating the endoplasmic reticulum enzyme ENTPD5 (Fang et al. 2010) . ENTPD5 promotes proper protein glycosylation and folding and does so through a cycle of reactions coupled to ATP hydrolysis. Thus, Akt-mediated up-regulation of ENTPD5 can increase the cellular ADP:ATP ratio. Increasing the ADP:ATP ratio can relieve allosteric inhibition of PFK1 by ATP. It can also lead to increased activity of downstream glycolytic enzymes that require ADP as a cofactor. Enhanced ATP consumption caused by PI3K/Akt signaling may therefore enhance the proliferating cell's ability to rapidly metabolize glucose carbon. Growth-factor-initiated signaling reprograms metabolism in proliferating cells. (A) In multicellular organisms, cells that are not instructed to proliferate by extracellular growth factors are generally quiescent. In these cells, glucose carbon is predominantly metabolized to carbon dioxide in the mitochondrial Krebs cycle when oxygen is available. This mitochondrial oxidation maximizes free-energy generation in the form of ATP. (B) When cells are instructed to proliferate by growth factor signaling, they increase their nutrient uptake, particularly that of glucose and glutamine. Much of this increased nutrient uptake is used to fulfill the lipid, protein, and nucleotide synthesis (biomass) required for cell growth, and the excess carbon is secreted as lactate. Proliferating cells also may adopt strategies to increase their ATP consumption to maintain glycolytic flux. Metabolic pathways are indicated by green arrows.
Through these multiple effects on glycolytic gene expression and enzyme activity, activated Akt is able to increase the overall glycolytic rate in the cell. Even under aerobic conditions, cells with activated Akt display a greatly increased rate of glycolysis and secrete a high proportion of glucose carbon from the cell in the form of lactate (Elstrom et al. 2004) . Originally described by Otto Warburg as a phenomenon specific to tumor cells, "aerobic glycolysis" is now known to be a general characteristic of rapidly proliferating cells, both cancerous and non-cancerous .
The PI3K/Akt pathway also regulates the fate of glucose carbon beyond glycolysis for biosynthetic purposes. When glycolysis metabolizes glucose to pyruvate, the pyruvate can enter mitochondria and be converted to acetyl-CoA. This acetyl-CoA can then condense with oxaloacetate to form citrate. The best-understood fate of mitochondrial citrate is oxidation within the mitochondrial matrix Glucose carbon flux is regulated by PI3K/Akt signaling. PI3K generates phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) from phosphatidylinositol 4,5-bisphosphate (PIP 2 ). PIP 3 recruits Akt to the cell membrane, permitting its activation by upstream kinases. Akt can then activate a variety of proteins that increase glycolytic metabolism and direct glucose carbon flux toward biosynthesis. Akt enhances glucose transporter 1 (GLUT1) translation and localization to the cell surface to increase glucose uptake and increases the activity of the glycolytic enzymes hexokinase and phosphofructokinase 1 (PFK1). Akt also promotes lipid synthesis from glucose carbon by multiple mechanisms. It can activate ATP-citrate lyase (ACL) to increase the availability of cytosolic acetyl-CoA. Akt activation can also indirectly enhance the proteolytic release of the sterol regulatory element-binding protein transcription factors (SREBPs), thereby promoting the expression of genes involved in the pathways for fatty acid and cholesterol/isoprenoid synthesis. Abbreviations: G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; F1,6P 2 , fructose 1,6-bisphosphate. (Berwick et al. 2002; Bauer et al. 2005) . Cytosolic acetyl CoA can initiate and/or elongate fatty acid chains as part of de novo lipid synthesis. By activating ACL, Akt signaling thus increases the availability of acetylCoA precursors for lipid synthesis. It also induces lipogenic genes involved in isoprenoid, cholesterol, and fatty acid biosynthesis. These actions depend on mTOR-mediated activation of protein synthesis. Enhanced synthesis of ERexported proteins leads to depletion of ER-Golgi lipids. This, in turn, promotes ER-to-Golgi transport and proteolytic release of the sterol regulatory element-binding protein (SREBP) transcription factors (Porstmann et al. 2005; Bobrovnikova-Marjon et al. 2008; Hardie 2012) . The additional lipids synthesized as a consequence of PI3K/Akt activation play a critical role as components of the plasma and organelle membranes that must be synthesized if cells are to grow and proliferate. Some of them obviously also play important signaling roles within the cell.
HIF1 SIGNALING PROVIDES ADDITIONAL REGULATION OF GLUCOSE METABOLISM IN RESPONSE TO BOTH OXYGEN AVAILABILITY AND NUTRIENT STATUS
The HIF1 (hypoxia inducible factor 1) signaling pathway also plays a central role in the regulation of cellular glucose metabolism. HIF1 is a transcription factor that was initially identified through its role in the adaptive cellular response to hypoxia (low oxygen tension). When oxygen is limited, the Krebs cycle in the mitochondriawill cause mitochondrial redox stress if ATP continues to be produced solely by oxidative phosphorylation. Under these conditions, HIF1 promotes the expression of genes whose products are involved in anaerobic glycolysis (Fig. 3 ). This leadsto increased generation of ATP in the cytosol from the conversion of glucose to pyruvate (Semenza et al. 1994 ).
To maintain a high rate of glycolysis, cells must also have a high rate of pyruvate lactate conversion, which regenerates NAD + from NADH. This is important for maintaining a sufficiently high cytoplasmic NAD + :NADH ratio to facilitate flux through the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase. HIF1 promotes lactate production and NAD + regeneration by positively regulating the expression of the enzyme lactate dehydrogenase A. HIF1 also reduces the rate of pyruvate entry into the mitochondria by promoting the expression of pyruvate dehydrogenase kinase, an enzyme that phosphorylates and inactivates the mitochondrial pyruvate dehydrogenase complex (PDH) responsible for the formation of mitochondrial acetyl CoA from pyruvate (Kim et al. 2006; Papandreou et al. 2006 ). HIF1-mediated regulation of PDH flux serves to limit the flow of glucose-derived carbon into the mitochondrial, oxidative, Krebs cycle when excessive levels of pyruvate are generated. If pyruvate is oxidized in the Krebs cycle and increases electron transport beyond the cell's ability to assimilate the resulting electron flux using molecular oxygen and/or the electrochemical potential of hydrogen in ATP generation, a considerable increase in the levels of potentially damaging reactive oxygen species (ROS) will result. HIF1-mediated regulation of PDH also limits the flow of glucose carbon into biosynthetic pathways that emanate from mitochondrial Krebs cycle intermediates (Lum et al. 2007 ).
HIF1 is a heterodimer composed of a labile a-subunit and a stable b-subunit (Majmundar et al. 2010) . At normal oxygen levels, the a-subunit of HIF1 (HIF1a) is posttranslationally modified by hydroxylation of specific proline residues by a prolyl hydroxylase (PHD). This proline hydroxylation reaction requires both a-ketoglutarate and O 2 as reactants, and generates succinate and CO 2 as products. Proline hydroxylation of HIF1a promotes its association with a ubiquitin E3 ligase complex that is composed of the von Hippel-Lindau (VHL) tumor suppressor as the substrate specificity subunit together with a cullin-Rbx1 ligase (CRL). Ubiquitylation of HIF1a by the CRL-VHL complex then targets it for degradation by the proteasome. At low oxygen levels, the prolyl hydroxylation of HIF1a does not occur, because the PHD reaction requires molecular oxygen (O 2 ) as a substrate. This permits stabilization of HIF1a during hypoxia and enhanced expression of HIF1 target genes.
In proliferating cells, several mechanisms increase HIF1 signaling even at normal oxygen tensions. Activated Akt, through mTORC1, enhances translation of HIF1a mRNA (Zhong et al. 2000; Hudson et al. 2002; Laplante and Sabatini 2011) . Increased cellular nutrient uptake can also lead to inhibition of the proline hydroxylation reactions that would otherwise target HIF-1a for degradation. Excess nutrient metabolism can lead to increased cellular levels of reactive oxygen species (ROS) if reactions in the Krebs cycle occur at a rate exceeding the capacity of the electron transport chain to capture the electrons generated . ROS are potent inhibitors of the HIFtargeting PHDs (Shatrov et al. 2003) . Levels of succinate and fumarate may also increase with signaling-induced elevations in nutrient metabolism; both of these substrates Figure 3 . HIF-1 signaling responds to both hypoxia and growth factors to regulate glucose metabolism. The stability of the transcription factor HIF1 is regulated through hydroxylation of proline residues on the HIF1 a-subunit by prolyl hydroxylase enzymes (PHDs). Molecular oxygen (O 2 ) is a substrate for PHD activity, which targets HIF1a for recognition by the Von Hippel -Lindau (VHL) ubiquitin E3 ligase and subsequent degradation by the proteasome. Inhibition of PHD activity and HIF1 degradation occurs in the presence of elevated levels of reactive oxygen species (ROS) or the Krebs cycle intermediates succinate and fumarate. HIF1 can also be positively regulated transcriptionally and translationally downstream from growth factor signaling. When not degraded, HIF1 can promote the expression of genes encoding glucose transporters and most enzymes of glycolysis. It also inhibits glucose carbon flow into the mitochondria by promoting the expression of pyruvate dehydrogenase kinase (PDK), which acts to inhibit pyruvate dehydrogenase (PDH). Furthermore, HIF1 up-regulates lactate dehydrogenase A (LDH-A) expression to increase the conversion of pyruvate to lactate. This conversion regenerates the ratio of NAD + /NADH necessary for continued flux through glycolysis. can also inhibit HIF-targeting PHDs (Isaacs et al. 2005; Selak et al. 2005) . PHD inhibition by succinate is an example of product inhibition. The result of PHD inhibition by ROS, succinate, and/or fumarate is a feedback mechanism that decreases the flow of glucose carbon into the mitochondria and thus inhibits further generation of ROS through mitochondrial metabolism.
TYROSINE KINASE SIGNALING AND PYRUVATE KINASE: REGULATION OF A METABOLIC SWITCH IN PROLIFERATING CELLS
A unique aspect of glycolysis in proliferating cells is the isoform specificity of pyruvate kinase, the enzyme that converts phosphoenolpyruvate (PEP) to pyruvate with the concomitant generation of ATP. Several alternatively spliced isoforms of pyruvate kinase exist, but most cells in the adult predominantly express the M1 isoform (PKM1). However, in early development, embryonic tissues predominantly express an alternatively spliced M2 isoform (PKM2). Furthermore, in all cancer cells examined to date, PKM2 is the predominant isoform found (Christofk et al. 2008a ). The splicing factors PTB, hnRNPA1, and hnRNPA2 that regulate the alternative splicing of PKM mRNA to favor PKM2 over PKM1 expression are themselves up-regulated by the Myc transcription factor, a proto-oncogene product (Clower et al. 2010; David et al. 2010) . Myc-regulated transcription of these splicing factors thereby ensures a high PKM2/ PKM1 ratio in cells with activated growth factor signaling. Myc also regulates the expression of several glycolytic enzymes (Shim et al. 1997; Osthus et al. 2000) . Unlike the constitutively active PKM1 and the other pyruvate kinase isoforms, PKM2 is uniquely sensitive to regulation by tyrosine kinase signaling pathways downstream from growth factor receptors (Fig. 4) . PKM2 can bind to the phosphorylated tyrosine residues in tyrosinephosphorylated proteins and is also a target for tyrosine phosphorylation on itself (Christofk et al. 2008b; Hitosugi et al. 2009 ). These events lead to inhibition of PKM2 enzymatic activity, at least partly by promoting the release of PKM2's allosteric activator fructose 1,6-bisphosphate. Binding of the latter to PKM2 causes it to form an active tetramer, but tyrosine-phosphorylated peptides displace fructose 1,6-bisphosphate and cause the PKM2 tetramer to dissociate, resulting in enzyme inactivation. The sensitivity of PKM2 to inhibition by tyrosine kinase signaling allows it to act as a gatekeeper for the metabolic fate of glucose carbon. When growth factors are present, PKM2 is inhibited, which can promote the channeling of upstream glycolytic intermediates into anabolic pathways such as nucleotide biosynthesis. When growth factors are absent, PKM2 is active and can generate pyruvate for subsequent catabolism in the Krebs cycle ). All of this is consistent with the growth advantage that PKM2-expressing cells show in vivo compared with cells exclusively expressing PKM1 (Christofk et al. 2008a) .
The full range of effects that PKM2 may have on cell growth and metabolism, however, remains incompletely characterized. Recently, an alternative glycolytic pathway has been proposed to be present in PKM2-expressing cells . When inactive PKM2 cannot effectively convert PEP to pyruvate, PEP can donate its high-energy phosphate to H11 of the upstream glycolytic enzyme phosphoglycerate mutase. This pathway may allow the generation of pyruvate from PEP in a step that is independent of ATP generation. Although further work is needed to characterize and purify an enzyme that can catalyze this proposed activity, the pathway may serve as an additional mechanism, besides Akt-mediated up-regulation of ENTPD5, by which proliferating cells can decrease their ATP:ADP ratio. The potential importance of PKM2 as a binding partner for a variety of signaling kinases and transcription factors has also received attention. For example, PKM2 translocates to the nucleus and potentiates the transcriptional activity of the Oct4 transcription factor involved in maintaining pluripotency (Lee et al. 2008 ). Many additional PKM2-interacting proteins have been reported, most recently HIF-1 and b-catenin, but the significance of each of these interactions for facilitating cell growth and proliferation requires further study.
The regulation of PKM2 activity by metabolites is also continuing to be investigated. For example, ROS have recently been proposed to cause oxidation, dissociation, and inactivation of the PKM2 tetramer (Anastasiou et al. 2011) . Conversely, the non-essential amino acid serine allosterically activates PKM2 (Eigenbrodt et al. 1983 ). Ongoing work is addressing whether inactivation of PKM2 and the resultant accumulation of glycolytic intermediates can lead to enhanced flux through the serine synthetic pathway and thereby promote a feedback loop through serine synthesis that can modulate the flux of glycolytic intermediates to support cellular biosynthetic requirements.
AMINO ACID METABOLISM IS ALSO REGULATED BY CELLULAR SIGNALING CASCADES
Proliferating cells require a nitrogen source for protein and nucleotide biosynthesis. Mammalian cells acquire nitrogen through the uptake and metabolism of amino acids, using mechanisms that are also highly regulated by growth factor signaling. Myc, which is downstream from several signaling pathways, including those involving Ras and Hedgehog (see Ingham 2012; Morrison 2012) , plays an especially . Pyruvate kinase as a glycolytic switch, and mTOR and Myc regulate amino acid uptake and metabolism. Pyruvate kinase catalyzes the late step of glycolysis that converts phosphoenolpyruvate (PEP) to pyruvate, with the concomitant generation of ATP. The M2 isoform of pyruvate kinase (PKM2) is specific to proliferating cells. Its activity is allosterically activated by the upstream glycolytic intermediate fructose 1,6-bisphosphate (F1,6P 2 ). Tyrosine kinase signaling downstream from growth factor receptors causes the release of F1,6P 2 from PKM2, which results in decreased pyruvate kinase enzyme activity. This enzymatic inhibition can promote the redistribution of upstream glycolytic intermediates into anabolic pathways like nucleotide biosynthesis. The transcription factor Myc positively regulates the expression of PKM2 versus the constitutively active PKM1 isoform by up-regulating several RNA splicing factors. Glutamine uptake and metabolism are also regulated by the Myc transcription factor, which can be activated downstream from growth factor signaling pathways, such as those involving Ras. Myc positively regulates the expression of glutamine transporters as well as the enzyme glutaminase. Glutamate, the product of glutaminase activity, can be further metabolized to a-ketoglutarate to supply intermediates for the mitochondrial Krebs cycle. Another major regulator of amino acid metabolism is mTOR complex 1 (mTORC1), which can be activated downstream from PI3K/Akt signaling as well as through the sensing of essential amino acids. mTORC1 positively regulates protein synthesis in response to these inputs by activating S6 kinase (S6K), inhibiting eukaryotic initiation factor 4E binding protein (4E-BP), and promoting the expression of ribosomal proteins. A distinct mTOR complex, mTORC2, lies upstream of Akt and is positively regulated by PI3K signaling.
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important role in regulating metabolism of the amino acid glutamine (Yuneva et al. 2007; Wise et al. 2008; Gao et al. 2009 ). It is perhaps surprising that glutamine metabolism is highly regulated by growth factor signaling, because it is traditionally considered a non-essential amino acid that can be synthesized from otheramino acids through enzymes such as glutamine synthetase. However, observations made by Eagle and others revealed more than 50 years ago that glutamine is uniquely critical for the proliferation of mammalian cells in culture (Wise and Thompson 2010) . Myc stimulates glutamine uptake by promoting the expression of glutamine transporter proteins. It can also promote the intracellular metabolism of glutamine by increasing the expression of the enzyme glutaminase, which converts glutamine to glutamate and ammonia (Fig. 4) . Glutamine's carbon backbone is important for replenishing the supply of mitochondrial Krebs cycle intermediates (anaplerosis). This is accomplished by the conversion of glutamine to glutamate and then to the Krebs cycle intermediate a-ketoglutarate ). Importantly, treating cells that are glutamine-addicted because they express oncogenic Myc with a cell-permeable form of a-ketoglutarate can maintain cell viability in the absence of glutamine. However, for the cells to proliferate, the complete glutamine molecule that includes nitrogenous groups is required (Wise et al. 2008) . Myc-induced glutamine catabolism can provide both the amide and amino groups needed for non-essential amino acid synthesis. It can also generate precursors for the biosynthesis of nucleotides and nicotinamide. Myc provides additional stimulation of nucleotide biosynthesis by promoting the expression of several key enzymes including TS, IMPDH2, and PRPS2 (Tong et al. 2009 ).
Growth factor signaling also regulates amino acid metabolism through the mTOR kinase. mTORC1, one of two protein complexes containing mTOR (see Laplante and Sabatini 2011) , is stimulated by PI3K/Akt, which phosphorylates and consequently disrupts the tuberous sclerosis complex (TSC). When disrupted, the TSC complex can no longer hydrolyze the GTP-binding protein Rheb to its GDP-bound form, thus leaving the GTP-bound Rheb free to interact with and activate mTORC1 (Sengupta et al. 2010) . mTORC1 inhibition can also be relieved by Akt phosphorylation of PRAS40 at T246 (Sancak et al. 2007) . mTORC1 promotes protein synthesis by phosphorylating and inhibiting the activity of 4E-BPs, which normally sequester eIF4E and thus block cap-dependent mRNA translation (Hara et al. 1997) . mTORC1 can also phosphorylate and activate S6Ks to enhance translational elongation by relieving the suppression of eEF2 (Wang et al. 2001 ). In addition, mTORC1 regulates the translation of the 5 ′ TOP mRNAs, an abundant class of mRNAs that includes many encoding components of the translational apparatus (Tang et al. 2001) . mTORC1 also increases ribosome synthesis by activating RNA polymerase I to transcribe rRNAs (Mayer et al. 2004) .
Through its responsiveness to PI3K/Akt signaling, mTORC1 activity enhances protein synthesis when a cell is directed to grow. However, mTORC1 is also highly sensitive to inputs that reflect the cell's metabolic state. For example, upon depletion of cellular ATP levels, AMPactivated protein kinase (AMPK) can inhibit mTORC1 through multiple mechanisms, including activation of the TSC complex and inhibition of the mTOR binding partner Raptor (Corradetti et al. 2004; Gwinn et al. 2008 ). This provides a means for the cell to down-regulate the energetically costly process of protein synthesis when ATP is limiting. In contrast, mTORC1 can be activated by the availability of essential amino acids including leucine. Essential amino acids induce the Rag GTPase complex to assume an active conformation on lysosomal membranes. Active Rag can then recruit mTORC1 to the lysosomal surface, where it may be more amenable to activation by Rheb (Sancak et al. 2008; Sancak et al. 2010) . Interestingly, recent work shows that cellular leucine uptake is coupled with glutamine efflux (Nicklin et al. 2009 ), linking Mycregulated glutamine uptake with regulation of mTORC1 by essential amino acid availability.
The much less well understood mTORC2 complex also has important roles in growth factor signaling and metabolic regulation. Like mTORC1, it is activated by growth factors such as insulin. But, in contrast to mTORC1, mTORC2 lies upstream of Akt. Recent data indicate that growth-factor-stimulated activation of mTORC2 involves a direct association with ribosomes, which may ensure that mTORC2 is active only in cells that are growing and undergoing protein synthesis (Oh et al. 2010; Zinzalla et al. 2011) . Once active, mTORC2 can phosphorylate Akt at S473, which is considered important both for enhancing the strength of Akt activation downstream from PI3K and for widening the range of effective Akt substrates.
METABOLICALLY SENSITIVE PROTEIN MODIFICATIONS LINK GROWTH FACTOR SIGNALING TO CELLULAR RESPONSES
Although many metabolic pathways that facilitate cell growth and proliferation are up-regulated in response to growth-factor-initiated signaling, the cell is not merely a passive recipient of instructions from growth factors. Rather, intracellular metabolites can exert feedback control on signaling initiated by growth factors through posttranslational modifications of critical signaling proteins (Metallo and Vander Heiden 2010) .
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One area where this regulation occurs is at the level of the growth factor receptor. Recent studies of cells whose ability to die by apoptosis upon nutrient withdrawal has been eliminated have shown that cells normally directed to take up nutrients upon stimulation by the growth factor interleukin 3 (IL3) can no longer take up glutamine when glucose is withdrawn from the medium ). This deficiency is due to the cell's inability to continue displaying the IL3 receptor at the cell surface, necessary for IL3-dependent regulation of glutamine uptake and metabolism. Metabolism of glucose to UDP-N-acetylglucosamine (UDP-GlcNac) via the hexosamine biosynthetic pathway, which branches off glycolysis, is necessary for the proper N-linked glycosylation of the IL3 receptor a-subunit. This glycosylation is critical for the proper folding of the IL3 receptor and its localization to the cell surface. The production of UDP-GlcNac through the hexosamine pathway also requires glutamine as a nitrogen donor. Thus, the dependency of IL3 receptor signaling on receptor glycosylation ensures that this pathway remains active only when there are adequate sources of both glucose and glutamine, as well as intact enzymatic pathways for their metabolism (Fig. 5) . Appearance of the TGFb, epidermal growth factor (EGF), insulin-like growth factor, and Her2 receptors at the cell surface also responds to glucose availability and/or Nglycosylation (Wu and Derynck 2009; Fang et al. 2010 ).
Histone acetylation is another metabolically sensitive protein modification that influences signaling outputs. Acetylation of histone lysine residues promotes open chromatin and increased gene expression (Li et al. 2007 ). In mammalian cells, the acetyl donor for histone acetylation, acetyl-CoA, is predominantly generated from glucose-derived citrate through the enzyme ACL (Wellen et al. 2009 ). Through ACL activity, increased levels of glucose availability and metabolism are thus able to facilitate open chromatin formation via increased histone acetylation. Further evidence for the concept that physiological variations in acetyl-CoA levels can alter the degree to which histones are acetylated has been found in yeast, where the transcription of cell growth genes is linked to increased histone acetylation that occurs following a surge in acetyl-CoA production upon entry into a growth phase . In yeast, the acetylation of all proteins is not regulated by variations in acetyl-CoA levels; this regulation appears limited to substrates of the histone acetyltransferase Gcn5. Gcn5 has an in vitro K d of 8.5 mM and K m of 2.5 mM, within the range of yeast intracellular acetyl-CoA concentrations that have been estimated to vary from 3 to 30 mM over the metabolic cycle . As in yeast, in mammalian cells, not all protein acetylation varies in response to the acetyl-CoA concentration. Although the addition of acetyl groups to histone proteins has been shown to vary with acetyl-CoA availability, the acetylation of tubulin remains relatively constant (Wellen et al. 2009 ). The removal of acetylation marks from histones can also be metabolically responsive. When glucose availability and metabolism are diminished, cellular NAD + levels and the NAD + :NADH ratio are increased. This activates the sirtuin enzymes, class III histone deacetylases that remove the acetylation mark from histone lysine residues (Haigis and Sinclair 2010) .
Note that cells use multiple other mechanisms to modify signaling pathways and outputs based on the metabolic state of the cell. As previously discussed, mTORC1 activity is regulated in part by the availability of essential amino acids, and cells also sense their metabolic state through AMPK (Hardie 2012) . AMPK generally functions to activate/up-regulate ATP-producing pathways and to downregulate ATP-consuming activities when cellular freeenergy levels are low. Other targets of AMPK activity, in addition to mTORC1, include key enzymes for fatty acid synthesis and cholesterol synthesis: acetyl-CoA carboxylase and HMG-CoA reductase.
PERTURBATIONS OF CELLULAR METABOLISM IN DISEASE
In disease, particularly in cancer, the control of cellular metabolism by growth-factor-receptor-initiated signaling pathways often becomes dysregulated. As discussed previously, the preferential expression of PKM2 over PKM1 has been found in all cancer cells examined to date, and this selectivity is promoted by the Myc oncogene product. Lossof-function mutations in the PTEN tumor suppressor that antagonizes PI3K are also common. These mutations impair negative regulation of PI3K/Akt signaling, thereby enhancing glucose uptake and the flux of glucose into lipid synthesis. Overexpression and/or constitutive activation of growth factor receptors, such as the EGF receptor and Her2, are also found frequently and can promote increased nutrient uptake and anabolic metabolism for cancer cells. Not all disease-associated mutations affecting cellular metabolism are so clearly linked to enhanced anabolic pathways. For example, recent investigations have discovered that specific mutations in the active site of NADP + -linked cytosolic isocitrate dehdyrogenase 1 (IDH1), or in its mitochondrial relative IDH2, facilitate a neomorphic enzyme activity. This neomorphic activity converts the Krebs cycle intermediate a-ketoglutarate to a rare metabolite not found at high levels in mammalian cells under normal conditions, 2-hydroxyglutarate (2HG) (Dang et al. 2009; Ward et al. 2010 Ward et al. , 2011 . IDH1 and IDH2 mutations occur in cancers including glioma, acute myeloid leukemia, and chondrosarcoma, and in a large percentage of patients Cite this article as Cold Spring Harb Perspect Biol 2012;4:a006783 with the inborn error of metabolism 2HG aciduria (Mardis et al. 2009; Yan et al. 2009; Kranendijk et al. 2010; Ward et al. 2010; Amary et al. 2011) . Although the function of the "oncometabolite" 2HG in the context of various cell types and tissues remains under active investigation, current evidence suggests that its major role is to competitively inhibit a-ketoglutarate-dependent enzymes that modify chromatin, particularly the TET family of DNA 5-methylcytosine hydroxylases and Jumonji-C domain histone demethylases (Figueroa et al. 2010; Chowdhury et al. 2011) . Unlike other cancer-associated mutations, direct evidence for IDH mutations promoting cell-autonomous growth Figure 5. Hexosamine and acetyl-CoA metabolite levels integrate signaling with cell growth and proliferation. In addition to being metabolized through glycolysis, fructose 6-phosphate can act as a nitrogen acceptor from glutamine and be converted to glucosamine 6-phosphate. Further metabolism through the hexosamine biosynthetic pathway results in UDP-N-acetylglucosamine (UDP-GlcNac). UDP-GlcNac can be used for N-linked-glycosylation reactions, including that involving growth factor receptor subunits as they are being processed in the ER. This glycosylation promotes the expression and localization of receptor subunits at the cell membrane, where they can respond to growth factor. Another metabolically sensitive protein modification occurs when acetyl-CoA is used as a substrate for the acetylation of histones in the nucleus, a modification that alters gene expression. The supply of acetyl-CoA for acetylation reactions depends on the activity of ATP-citrate lyase (ACL).
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CONCLUDING REMARKS
In multicellular organisms, cell growth and proliferation are normally not cell autonomous. Receptor-mediated signal transduction, initiated by extracellular growth factors, promotes entry into the cell cycle and reprograms cellular Figure 6 . Growth factor signaling reprograms cellular metabolism to promote biosynthesis but is sensitive to feedback control by metabolically sensitive protein modifications. Signaling downstream from PI3K/Akt enhances glucose uptake, glycolysis, and the flux of glucose carbon into cytosolic acetyl-CoA and lipids. HIF-1 signaling further promotes glycolysis while also enhancing the flux of pyruvate into lactate under conditions of O 2 limitation or nutrient excess. The Myc transcription factor, activated downstream from Ras, enhances glutamine uptake and metabolism as well as nucleotide biosynthesis. mTORC1 signaling responds to both upstream PI3K/Akt signaling and the levels of essential amino acids to promote protein synthesis. PKM2 is a pyruvate kinase isoform specific to proliferating cells that is uniquely sensitive to inhibition by tyrosine kinase signaling downstream from growth factors. Metabolically sensitive protein modifications, such as receptor glycosylation and nuclear histone acetylation, provide a way for the cell to exert feedback control on the output of growth factor signaling. metabolism to fulfill the biosynthetic needs of cell growth and division (Fig. 6) . However, despite having become highly dependent on instruction from extracellular growth factors, mammalian cells have retained the ability to sense their internal metabolic reserves and adjust their growth and biosynthetic activities accordingly. Much of this feedback control occurs at the level of posttranslational modifications of signal transduction proteins by key cellular metabolites. Moreover, intracellular metabolites can also regulate chromatin accessibility to control gene expression.
The evolution of the ability to regulate chromatin accessibility by specific metabolites may have preceded the ability of growth factor signaling to reprogram metabolism in multicellular organisms. Nonetheless, many aspects of how variations in cellular metabolism influence chromatin accessibility remain to be fully characterized. In addition to intracellular glucose metabolism directly altering the acetylation state of histones, the methylation state of histone lysine and DNA cytosine may also be metabolically responsive. These methylation states were once thought to be irreversible, but recent work has described demethylating enzymes for both histones and DNA that are sustained by a-ketoglutarate production downstream from glutamine metabolism. As discussed above, these a-ketoglutarate-dependent enzymes can be inhibited by the 2HG produced by IDH1/IDH2 mutations.
Another area of continuing investigation is how minimizing ATP production and enhancing ATP consumption can facilitate the rapid nutrient metabolism of proliferating cells (Israelsen and Vander Heiden 2010) . Minimizing cellular ATP accumulation runs counter to the metabolic strategy of quiescent cells, which completely oxidize the majority of glucose carbon in the mitochondria to maximize ATP production. But proliferating cells with activated growth factor signaling pathways usually take up nutrients far in excess of the level required to maintain ATP levels and avoid AMPK activation. Moreover, glycolysis in proliferating cells is limited by the rate of ATP consumption, not ATP production (Scholnick et al. 1973) . Increasing cellular ATP consumption and the ADP:ATP ratio may be critical for relieving the inhibition of glycolytic enzymes that can occur when ATP levels are high, inhibition that would otherwise prevent high glycolytic flux and enhanced macromolecular biosynthesis from glycolytic intermediates.
